Amine-reactive surfaces comprising N-hydroxysuccinimide ester groups as well as much more unusual Fischer alkoxymetallocarbene groups were generated on gold-coated surfaces via self-assembled monolayers of carboxy-and azido-terminated thiolates, respectively. These functions were further used to immobilize homothymine peptide nucleic acid (PNA) decamer in a covalent fashion involving the primary amine located at its N-terminus. These stepwise processes were monitored by polarization modulation reflection -absorption infrared spectroscopy (PM-RAIRS) that gave useful information on the molecular composition of the organic layers. PNA grafting and hybridization with complementary DNA strand were successfully transduced by quartz crystal microbalance (QCM) measurements. Unfortunately, attempts to transduce the hybridization optically by IR in a label-free fashion were inconclusive. Therefore we undertook to introduce an IR reporter group, namely a transition metalcarbonyl (TMC) entity at the 5' terminus of complementary DNA. Evidence for the formation of PNA-DNA heteroduplex was brought by the presence of ν(C≡O) bands in the 2000 cm -1 region of the IR spectrum of the gold surface owing to the metalcarbonyl label.
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Introduction
The construction of thin films of biomolecules on solid supports is one of the key steps in the design of biosensors [1] . Immobilization methods should allow controlling both the density and orientation of the adsorbed molecules while maintaining their bioactivity, i.e. their ability to selectively recognize and bind the target species. When dealing with gold surfaces, one of the most useful strategies is to generate self-assembled monolayers (SAMs) 1 of thiolcontaining molecules carrying a functional end group. Thanks to the high affinity of sulfur for gold, control over orientation of the molecules and consequently of the functional groups is readily exerted and highly ordered and densely packed monomolecular films can be generated by a simple chemisorption process [2] . In a second step, the functional group located at the solid / liquid interface is used to attach the bio(macro)molecule, for instance via a covalent link so as to generate a stable biorecognition layer [3] [4] [5] . Tailoring of the density of biomolecules can be conveniently achieved by generating mixed SAMs where the reactive groups are dispersed within a matrix of inert thiols [6] .
In this field, we have devised original two-step strategies to generate amine-reactive SAMs at the surface of glass (SiO 2 ) or gold substrates. They are based on the well-known reaction of Fischer metalloalkoxycarbene complexes with amines that affords metalloaminocarbenes in high yield. These alkoxycarbene entities can be introduced either by Ru-catalyzed crossmetathesis reaction between alkene-terminated SAM and alkene containing Fischer carbene [7] or by copper-free 1,3-dipolar cycloaddition reaction ("click reaction") between azideterminated SAM and an alkynyl Fischer carbene [8] [9] [10] . These strategies were successfully applied to covalently immobilize Protein A and staphylococcal enterotoxin A (SEA) onto gold or glass surfaces by aminolysis involving some of the pendant amino groups of both proteins. This kind of surface chemistry makes the biomolecule immobilization process easy to assess by IR spectroscopy, owing to the spectral signature of the metallocarbene entities in the 2000 cm -1 spectral range. Moreover these proteins were shown to retain their ability to bind their respective target, i.e. rabbit IgG and anti-SEA antibody.
Peptide nucleic acids (PNAs) are synthetic DNA mimics in which the deoxyribosephosphodiester backbone is replaced by 2-aminoethyl glycine linkage [11] . PNAs display unique features with respect to DNA: they are achiral, neutral polymers with high chemical and biochemical stability [12] . They hybridize to complementary DNA according to the Watson-Crick base-pairing rules and DNA-PNA hybrids are more stable than the corresponding DNA-DNA ones. Consequently, PNAs display a better mismatch discrimination that the corresponding DNAs [13] . For all of these reasons, PNA stands as a valuable alternative to DNA to build up genosensors [14, 15] . 1 List of abbreviations used : AFM, atomic force microscopy ; DIPEA, diisopropylethylamine ; HATU, 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo [4,5-b ]pyridinium 3-oxid hexafluorophosphate; HFIP, Hexafluoroisopropanol ; MUA, 11-mercaptoundecanoic acid; NMP, N-methyl-2-pyrrolidone; NS, nanoshaving; PNA, peptide nucleic acid; ODN, oligonucleotide; PBS, phosphate buffered saline; PM-RAIRS, polarization-modulation reflection-absorption infrared spectroscopy; QCM-D, quartz crystal microbalance with dissipation; SAM, self-assembled monolayer; SEA, staphylococcal enterotoxin A; ssDNA, single strand DNA; TEA, triethylamine; TFA, trifluoroacetic acid; TFMSA, trifluoromethylsulfonic acid; TM, tapping mode; TMC, transition metalcarbonyl; TSTU, N,N,N',N'-tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate Herein we demonstrate that an alkoxycarbene-terminated SAM on gold is a useful platform to generate a dense film of PNA strands. Moreover, the orientation of the strands with respect to the surface is ensured by selective reaction of its N-terminus. Furthermore, hybridization of complementary ssDNA was transduced gravimetrically with a quartz crystal microbalance as well as optically by infrared spectroscopy using a transition metalcarbonyl (TMC) marker attached to the 5'-end of target DNA.
Material and methods

Materials
Oligonucleotides dA 10 and dA 10 -5'NH 2 (high purity salt free grade) were purchased from Eurofins MWG Operon. Toluene and DMF were dried over molecular sieves. All other solvents were used as received. N-succinimidyl 4-pentynoate dicobalt hexacarbonyl (SucPentCo) [16] , bis(11-azidoundecyl)disulfide [10] , phenylacetylenylethoxycarbene pentacarbonyl tungsten(0) [9, 17] and the homothymine monomer aeg-(T)PNA-COOH [18] were synthesized according to the literature. 11-Mercaptoundecanoic acid (MUA), 11-bromoundecanethiol 
3-oxid hexafluorophosphate (HATU), trifluoroacetic acid (TFA), trifluoromethanesulfonic acid (TFMSA) and m-cresol were purchased from Aldrich. N-methyl-2-pyrrolidone (NMP), N,Ndiisopropylethylamine (DIPEA) and thioanisole were purchased from Fluorochem. Polystyrene resin carrying 4-methylbenzhydrylamine hydrochloride salt groups (MBHA resin, 0.63 mmol/g) was purchased from VWR International, and it was loaded to 0.2 mmol/g with the homothymine monomer aeg-(T)PNA-COOH as described elsewhere [19] . Gold-coated glass slides consisting of a 250 nm-thick layer of gold on a 1.5 nm-thick chromium sublayer on deposited on borosilicate glass (11x11 mm, Arrandee, Werther, Germany) were annealed by brief passage in a butane flame until a red glow appeared at the edges, dipped in ethanol 15 min and finally dried under argon stream. Gold-coated quartz sensors with a nominal resonance frequency of 5 MHz were purchased from Lot-Oriel. Before use they were cleaned by ethanol and dried with a stream of nitrogen.
Instrumentation
Analytical and semi-preparative reverse-phase HPLC of PNA samples was performed on Agilent 1100 series system, equipped with DAD analyzer, using DISCOVERY® BIO WIDE PORE C18 (15 cm × 4.6 mm, 5 μm) and DISCOVERY® BIO WIDE PORE C18 (25 cm × 10 mm, 10 μm) columns at a flow rate of 1 and 3 mL/min, respectively. Solvent A (0.1% TFA in water) and solvent B (0.1% TFA in acetonitrile) were used in a linear gradient of 5−100% (0−60 min) with detection at 260 nm. MALDI-TOF MS spectra were recorded on a Daltonics Omniflex mass spectrometer (Bruker), equipped with a 337 nm pulsed nitrogen laser operating in reflector mode (20 kV), using sinapinic acid as matrix. Analytical reverse phase-HPLC of ODN samples was performed on a System Gold equipped with a binary pump (model 126) and a photodiode array uv-vis detector (model 168) (Beckman Coulter). LC-ESI-MS analyses were performed on a triple quadrupole ESI mass spectrometer API 3000 LC-MS/MS system (Applied Biosystems, PE Sciex) in negative-ion mode with the following parameters: declustering potential = 20 V, capillary voltage = 5,000 V, source temperature = 400°C. The sample (20 μL) was introduced through the liquid chromatography system (Agilent 1100 binary pump) interfaced to the spectrometer.
Transmission and ATR-IR spectra were recorded on a Tensor 27 spectrometer (Bruker). PM-RAIRS spectra were recorded on a Nexus FT-IR spectrometer (Thermo-Nicolet). The external beam was focused on the sample with a mirror at an incident angle of ca. 80°. The incident beam was modulated between p and s polarizations using a ZnSe grid polarizer and a photoelastic modulator at 37 MHz (PEM90, Hindus instruments). The light reflected from the sample was focused on a nitrogen-cooled MCT detector. All the spectra reported below were recorded at 8 cm -1 resolution by co-adding 64 or 128 scans.
Piezoelectric measurements were performed in flow-through mode with a quartz crystal microbalance with dissipation monitoring QCM-D (E4 model, Q-sense AB, Sweden) at 22±0.1 °C. Solutions were flowed at 50 µl.min -1 over the sensing area with a peristaltic pump. Mass uptakes ∆m were calculated with the Sauerbrey equation (1) using the frequency at the fifth harmonics. Atomic force microscopy (AFM) images were obtained in the tapping mode (TM) with Nanoscope 5500 SPM microscope (Agilent Technologies, USA) and type II MAClevers cantilevers (nominal resonant frequency 75 kHz, force constant 2.8 N/m, Agilent Technologies, USA). Nanoshaving (NS) was used to obtain information on the thickness of the corresponding layers on the gold substrate. At least five different areas of the sample surface were scrutinized by the AFM NS method and the adlayer thickness was obtained from statistical analysis of the cross-sections before and after nanoshaving. All images were visualized and analyzed using the Gwyddion 2.35 software (Czech Metrology Institute, Brno, Czech Republic) [20] .
Contact angle measurements were performed using the sessile drop (static) technique with a Digidrop GBX goniometer equipped with a CCD video camera and a horizontal light source to illuminate the liquid droplet. Ultrapure water droplets (0.4 µl) were deposited on the surface using a fine, blunt syringe needle at room temperature (20 ± 2°C). The drop images were fitted using the Young-Laplace equation with the Visiodrop software. Contact angles given here are the average of at least 7 measurements. Reproducibility was within 0.5°.
Methods
Synthesis of homothymine decamer PNA t 10
The MBHA resin loaded with homothymine monomer (100 mg, loading 0.2 mmol/g) was first swollen with CH 2 Cl 2 for 30 min, and the tert-butyloxycarbonyl (Boc) group of the loaded monomer was removed by treatment with TFA/m-cresol (95:5). The resin was rinsed with CH 2 Cl 2 and a solution of DIPEA in CH 2 Cl 2 (5% w/w). In a vial, a solution of DIPEA (34µL, 0.2 mmol, 10 eq) and the homothymine monomer (40.7 mg, 0.106 mmol, 5.3 eq) in NMP was added to a solution of HATU (36.4 mg, 0.096 mmol, 4.8 eq) in NMP, and the resulting mixture was shaken for 2 min. The activated mixture was then added to the resin and shaken at room temperature for 2 h. After each coupling step, the resin was washed with NMP, and then treated with a solution of Ac 2 O/pyridine/NMP 1:25:25 twice for 2 min. The cycle was repeated for each base, and after the last coupling the resin was washed several times with NMP and CH 2 Cl 2 . Hence, the resin was washed with TFA, and then stirred for 1 h with a mixture of TFA/TFMSA/thioanisole/m-cresol 6:2:1:1. The reaction mixture was filtered, and the resin washed with TFA. The filtrate was concentrated and Et 2 O was added to precipitate PNA as a white solid. Centrifugation of the slurry gave the product, which was washed with Et 2 O and dried to afford the crude decamer (20 mg). Purification of the crude PNA by RP-HPLC (t R = 11.3 min) afforded the homothymine decamer PNA t 10 
Formation of azide-terminated SAMs
Freshly annealed gold substrates were dipped into a 1 mM solution of bis(11-azidoundecyl)disulfide in EtOH for 60 h at room temperature, washed with EtOH and dried in a flow of argon. Alternatively, samples were dipped in a degassed 1 mM solution of 11-bromoundecanethiol at 60°C under argon for 23 h in an air-tight container, then rinsed copiously with pure ethanol to remove any physisorbed residues, further incubated in pure ethanol at 60°C for 6 h to improve the formation of compact self-assembled monolayers, finally washed with pure ethanol and dried under argon stream. They were then dipped in a saturated solution of NaN 3 in DMF for 3 days, washed with DMF, ethanol and dried under argon stream.
Formation of amine-reactive SAMs
Azide-terminated SAMs were treated with a 1 or 10 mM solution of Fischer metallocarbene in dry toluene for 4 h at 50°C and copiously washed with toluene to remove any physisorbed complex from the surface. The carboxy-terminated SAM formed by chemisorption of MUA was treated with a freshly prepared 50 mM solution of TSTU and DIPEA in DMF for 1 h. Samples were transferred into a vial containing DMF and sonicated for 3 min and finally dried as above.
Immobilization of PNA
For IR and AFM measurements, gold-coated glass substrates were covered with a PNA solution (5 or 2.4 µM; borate buffer pH 8.5; 150 µl) for 1 h, washed with water and dried as above. For QCM measurements, a PNA solution (12 µM; carbonate buffer pH 8.5) was flown over the sensor chip for 18 min then flushed with borate buffer.
Labeling of complementary ODN dA 10 with TMC label
In a preliminary step, traces of ammonium were removed by dissolution of dA 10 -5'NH 2 in 1 M NaCl (0.2 ml) and precipitation by addition of cold EtOH (0.8 ml). The mixture was kept at -20°C for 150 min and centrifuged 10 min at 10,000 rpm. The supernatant was discarded and the precipitate redissolved in water (0.5 ml) [21] . An aliquot (10, 20 or 30 mole eq.; 14, 28 or 42 µl) of a 20 mM freshly prepared SucPentCo solution in MeCN was added to the solution of ODN (3.4 OD, 28 nmol, 0.1 ml) and 20 mM carbonate buffer pH 9.2 (0.1 ml). The mixture was stirred 1 h at room temperature, filtered, diluted 20 times and analyzed by analytical UV-HPLC. Conditions: Nucleodur Gravity C18 column (5 µm, 150 x 2 mm, Macherey-Nagel); eluent A: 400 mM HFIP, 7 mM TEA pH 7; eluent B: 400 mM HFIP, 7 mM TEA pH / MeOH 1:1, flow rate 0.2 ml/min. Gradient from 20 to 100% B in 40 min then 100 % B for 6 min [22] . The reaction mixture with 20 eq. metalcarbonyl reagent was also analyzed by LC-ESI-MS under the same elution conditions except that column temperature was set to 30°C. The labeled ODN was separated from excess complex and NHS by precipitation with cold ethanol. Alternatively, excess complex was separated from ODN by liquid-liquid extraction with diisopropyl ether (2x100 µl). The aqueous phase (5 µl) was spotted on a nitrocellulose disc, allowed to dry and analyzed by IR spectroscopy in the transmission mode. Concentration of labeled ODN was determined from a standard curve established by IR analysis of nitrocellulose discs on which were spotted known amounts of SucPentCo.
Hybridization studies
For IR and AFM measurements, a solution of dA 10 or dA 10 -5'NH[Co 2 (CO) 6 ] (5 or 12 µM in PBS; 150 µl) was dropped onto the slides and incubated for 1 h at RT. The slides were washed with water and dried as above. For QCM measurement, a solution of dA 10 (12 µM in PBS) was flown over the sensor chip for 15 min and flushed with PBS.
Results and discussion
Immobilization of PNA on gold-coated glass slides
The homothymine PNA decamer (PNA t 10 , Fig. 1 ) was synthesized by standard manual Bocbased chemistry using MBHA resin loaded with the homothymine monomer at the 20 µmol scale. The final sequence was purified by reverse phase HPLC, and its purity (up to 98%) and identity was confirmed by HPLC and MALDI-TOF MS analysis.
INSERT FIG. 1
Formation of monolayers of PNA strands onto gold surfaces has been previously achieved by introducing a cysteine residue (i.e. a sulfhydryl functionality) at one extremity of the sequence (generally the pseudo 5' end or N-terminus) during solid-phase synthesis followed by direct chemisorption to the surface [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . Alternatively, PNA strands have been immobilized by affinity via the biotin / avidin system [36, [38] [39] [40] [41] or by conjugation to carboxyl-terminated SAMs [42, 43] . We have also shown that appending four lysine residues to the C-terminus of the homothymine decamer enabled the formation of a dense and stable layer of PNA molecules at the surface of a gold electrode nanostructured with gold nanoparticles by formation of Au-N bonds [44, 45] For this work, we devised a more general immobilization strategy making use of the single primary amine function located at the pseudo 5' terminus (NH 2 -terminus) of the PNA molecule and of an appropriate bifunctional linker able to connect the PNA t 10 to the Au surface [37] (Scheme 1).
INSERT SCHEME 1
This immobilization route is based on the build up of a self-assembled monolayer (SAM) of amine-reactive, alkoxy Fischer metallocarbene complexes [8] [9] [10] 46] . These functionalities are known to swiftly react with primary amines [47, 48] including those carried by proteins [49, 50] to afford stable aminocarbenes. To form such an amine-reactive surface, a SAM of azido-terminated alkylthiolate molecules was firstly generated at the gold surface by chemisorption of bis(11-azidoundecyl)disulfide (A in Scheme 1). Given the length of the alkyl chain, a well-ordered and densely packed monolayer should be formed [51] . Then ethoxycarbene units were installed by Huisgen-type, 1,3-dipolar cycloaddition reaction between the surface azido groups and phenylacetylenylethoxycarbene pentacarbonyl tungsten in toluene. This bifunctional compound displays a marked electrophilic character at the carbenic carbon and contains an activated carbon-carbon triple bond which enables the 1,3-cycloaddition reaction with azides to be performed without Cu(I) as catalyst [52] . The whole process was monitored by PM-RAIRS analysis of the gold surface (Figure 2 ). Band assignments are gathered in Table 1 . INSERT FIG. 2, TABLE 1 Chemisorption of the azidothiol was evidenced by the presence of a characteristic band at 2090 cm -1 assigned to the stretching vibration mode of the N=N(+)=N(-) group. Subsequent treatment with the metallocarbene complex led to a dramatic change of the surface IR spectrum with the disappearance of the 2090 cm -1 band and the appearance of 3 bands at 2067, 1982 and 1940 cm -1 assigned to the stretching modes ν(C≡O) of the 5 CO ligands of the W(CO) 5 entity [47] . The position of these bands together with the disappearance of the 2090 cm -1 and the presence of a broad band centered at 1639 cm -1 and assigned to ν(C=C) of the triazole ring attests for the conversion of the surface azido groups into triazole groups by the cycloaddition reaction with the metallocarbene alkyne complex.
With the amine-reactive surface in hand, we proceeded to the immobilization of PNA. A drop of PNA solution in basic buffer (to regenerate the free amine group from the protonated one present in the PNA molecule) was spotted on the surface of the gold-coated glass slide and incubation was pursued for 1 h. After copious washing with buffer and water and drying, the gold-coated slide was analyzed again by PM-RAIRS (Fig. 2) . The most intense ν(C≡O) band (A 1 +E modes) was significantly blue-shifted by 8 cm -1 . This behavior is typical of the conversion of an alkoxy-to an aminocarbene [47] . Simultaneously, a broad unsymmetrical band centered at 1651 cm -1 was observed. We assigned this shift to the overlapping of the amide I band originating from the polyamide backbone of PNA since the amide I band of pure PNA (which is also the most prominent band on its ATR-IR spectrum) occurs at 1668 cm -1 ( fig. 2 , lower box, spectrum A). The second most prominent group of bands in the 1200 cm -1 region of the IR spectrum of the PNA t 10 was not observed on the surface because it is owned by the CF 3 COO -counterion of the PNA sample that is probably washed away during the chemisorption process.
Contact angles were measured on gold-coated surfaces by the sessile drop technique at each step of functionalization ( Table 2) . Chemisorption of azidothiolate SAM resulted in a contact angle of ca. 71° which is close to the value of 77° previously reported in the literature [51] . After reaction with the alkynyl Fischer metallocarbene (step B), a slight decrease of the contact angle was observed. After exposure to PNA (step C), the contact angle dropped down in agreement with the more polar but uncharged nature of PNA.
INSERT TABLE 2 Figure 3 shows a tapping mode AFM image of the adsorbed PNA t 10 film (Scheme 1, step C), which indicates that the adsorbate was deposited in a grain-like fashion. A very similar surface morphology was observed for shorter PNA-ferrocene self-assembled monolayers by Paul et al. [53] . Roughness factor of the film is R = 1.14, which represents the ratio of real surface area of 4.55 µm 2 to 4 µm 2 , expected for a smooth surface. The roughness average R a was equal to 12.2 ± 2.4 nm. Both parameters describing surface morphology were obtained by the Gwyddion 2.35 software. In order to gain more useful information on the PNA t 10 film thickness, a part of the image area was subjected to AFM nanoshaving, which enabled complete removal of the adsorbate from the selected gold surface area by a constant force in the contact mode AFM regime. The surface was imaged again in the tapping AFM mode (Fig. S1 of the supplementary material) and the adlayer thickness was evaluated from the profiles of the corresponding AFM images before and after nanoshaving (Fig. S2) . Statistical analysis of the average height of the removed material in the case of matching profiles (Fig. S3 A) or of the differences between the adsorbate-covered and cleaned regions (Fig. S3 B) gives the most probable film thickness value [54] [55] [56] . It should be stressed that rough surfaces are not good candidates for the film thickness analysis through NS AFM due to difficulties in the finding of the matching profiles. Also more than one value of film thickness may be obtained due to a multilayer character of the film. In the case of the adsorbed PNA t 10 film the average layer thickness of 33.9 ± 5.7 nm was obtained, which exceeds by several times the extended length of the PNA t 10 molecular structure depicted in Scheme 1C, which should be approximately 7 nm, based on the molecular model calculated by the Spartan'08 (WAVEFUNCTION, Inc., U.S.A.) software.
For comparison, we set up a more "classical" route to create amine-reactive groups on the surface of gold chips. A SAM of carboxyl-terminated thiolate was first formed by chemisorption of MUA. Then the carboxyl groups were converted into N-hydroxysuccinimide esters by reaction with TSTU in the presence of DIPEA [57] which conveniently replaces the mixture of EDC and NHS owing to the allergen properties of EDC [6] . Each step of functionalization was again monitored by PM-RAIRS (Fig. 4) .
INSERT FIG. 4
Upon exposure to 1 mM MUA solution in EtOH, 2 ν(C-H) bands were observed in the 3000 cm -1 spectral range as well as two intense bands centered at 1628 and 1427 cm -1 assigned to the asymmetric and symmetric stretching vibrations of the COO -group, respectively. After treatment with TSTU, a new set of bands appeared at 1817 and 1743 cm -1 , which are typical of the N-hydroxysuccinimide entity [6, 57] . Further exposure to a solution of PNA in basic buffer resulted in the disappearance of the 1817 cm -1 band and the appearance of a broad band centered at 1659 cm -1 that could be due to the overlapping of the amide I band of PNA with the previous 1639 cm -1 band as well as a band at 1740 cm -1 which may be assigned to the C=O stretching of the thymine nucleobases [58] .
The sequence of chemical reactions up to treatment with TSTU was repeated with a goldcoated quartz crystal sensor. The sensor was mounted in the QCM-D and carbonate buffer was flowed over the sensor until frequency stabilization. Then a 12 µM solution of PNA in the same buffer was injected and frequency and dissipation were monitored continuously. At frequency stabilization, PNA was flushed with carbonate buffer. The evolution of the frequency shift as a function of time is shown in fig. 5 . It shows a clear negative shift upon injection of the PNA solution with stabilization occurring within 1200 s. In the meantime, the variation of dissipation ∆D was insignificant (< 1x10 -6 ), indicating that the newly formed film of PNA molecules was rigid and the observed ∆F only reflected mass uptake without viscoelastic contribution [59] . Therefore the surface concentration of PNA chemisorbed to the quartz chip calculated from the Sauerbrey equation taking 17.7 ng.cm -2 .Hz -1 as sensitivity factor was equal to 48 ± 5 ng.cm -2 , i.e. 1.1 ± 0.1x10 13 molecules.cm -2 . For comparison, direct chemisorption of thiolated PNA probes onto gold electrodes resulted in surface densities of 6x10 13 [23], 1.3x10 13 [28] , 3.3±0.3x10 13 [60] or 1.7x10 13 molecules.cm -2 [27] . According to the literature [53] , one molecule of PNA in the standing-up orientation occupies an area of 0.49 nm 2 so that a full monolayer comprises 1.3x10 14 molecules.cm -2 , whereas one 10-mer PNA in the lying down orientation occupies an area of 3.4 nm 2 , i.e. 2.9 x 10 13 molecules.cm -2 for a full monolayer. According to these calculations, the percentage of coverage in PNA molecules ranges between ca. 10 and 30% of a full monolayer depending on its orientation with respect to the surface.
INSERT FIG . 5 
Hybridization studies
The next step of the study was to examine whether hybridization of an ODN fully complementary to the PNA oligomer could be transduced optically by IR spectroscopy without external label. Indeed Mateo-Marti et al. observed a significant change of the surface IR spectrum of a SAM of PNA after hybridization of complementary DNA [34] . A drop of dA 10 solution in PBS was spotted onto the gold-coated glass slides covered with PNA and incubated for 1 h at room temperature. After washing and drying, the gold-coated slides were again analyzed by PM-RAIRS. In the case where PNA was immobilized via the metallocarbene strategy, a slight change of the IR spectrum was noticed with the appearance of a weak band at 1740 cm -1 and a broad band centered at 1100 cm -1 ( fig. 2 ). The first band can only belong to the PNA since dA 10 does not contain any C=O group. Therefore, its presence might be due to a reorientation of the PNA molecules upon hybridization with complementary DNA or to an increased rigidity of the PNA-DNA heteroduplex [27, 31, 33] . Indeed, the RAIRS technique is highly sensitive to vibrator orientation with respect to the surface. The second feature might be assigned to the symmetric mode of ν(PO 2 -) of the ODN (see fig. 2 , lower box). A dramatic change of the contact angle was also observed after exposure to the ODN with a decrease from 61 to 47° (Table 2 ). This is in agreement with the highly polar nature of DNA (compared to PNA).
In the case where PNA was immobilized via the N-hydroxysuccinimide ester strategy, exposure to complementary DNA did not yield any significant change of the IR spectrum of the gold slide ( fig. 4) . Therefore, the same experiment was repeated with a QCM sensor chip and frequency and dissipation were monitored during injection of dA 10 solution in PBS ( fig.  5 ). Relatively fast exponential decrease of the resonance frequency of the quartz sensor was immediately observed upon injection of dA 10 which reached equilibrium in 800 s. No more change of the frequency was observed during the washing step. In parallel, the variation of dissipation was again insignificant so that frequency shift was only due to mass uptake. Therefore frequency shifts were converted into mass uptakes per area which gave a surface concentration of 48 ± 5 ng.cm -2 = 0.94 ± 0.1 x10 13 molecules.cm -2 . On the whole, we could determine that the hybridization efficiency (=ratio of DNA density over PNA density x 100) reached nearly 90%. This relatively high ratio may be due to the absence of repulsion between PNA capture probes that is favorable to the formation of the duplexes and the relatively low coverage in PNA molecules as determined above.
The surface morphology of PNA t 10 -DNA dA 10 film is given in Figure 6 (A and B) . Image B represents a higher resolution image of the inset indicated in Figure 6A . Surface roughness analysis was obtained from image A. Ex-situ tapping mode AFM image of the adsorbed PNA t 10 -DNA dA 10 film shows similar grain-like features as in the case of the PNA t 10 films (see Figure 3) , whereas roughness factor of the film is R = 1.15, which is slightly higher than for PNA t 10 film (real surface area is 4.59 µm 2 for image A. The roughness average R a = 11.7 ± 2.7 nm. The film thickness analysis was obtained from 44 individual height profiles, one of which is shown in Figure 6 (graph z against x) and its position is depicted as a black horizontal line in image C. Only the selected portion of the profile (white line in Figure 6C ) was used for determination of the film thickness values as the height difference between the adsorbatecovered and cleaned regions. Individual film thickness values were collected and shown in Figure 6 as the height distribution histogram. Three clearly recognizable thickness values (25 ± 7 nm, 39 ± 11 nm, 54 ± 9 nm) were obtained by this method. This fact points to the existence of multilayer morphology, as previously observed for the PNA t 10 film. The first film has a thickness of 25 nm, whereas each subsequent layer adds approximately 14 nm to the overall film thickness. The most probable thickness for the PNA t 10 -DNA dA 10 film is 39 ± 11 nm (see peak heights in Figure 6C ), which is only slightly higher than the value observed for PNA t 10 film thickness. This observation together with only slightly higher roughness factor for PNA t 10 -DNA dA 10 film provides another though indirect evidence for the occurrence of the hybridization process. INSERT FIG. 6 
Labeling of ODN by metalcarbonyl labeling agent and hybridization study
We reasoned that hybridization of DNA to immobilized PNA might be optically transduced in the mid-IR spectral range by preliminary labeling of target DNA with a transition metalcarbonyl (TMC) reporter group. This kind of probe displays typical ν(C≡O) bands in the 2000 cm -1 spectral region and was already used by us to detect antigen -antibody interactions in solution or on gold-coated surfaces [57, 61, 62] . To prevent loss of recognition of target ODN by the PNA, we decided to introduce the metalcarbonyl reporter at its 5'-terminus. A derivative of dA 10 (dA 10 -5'NH 2 ) to which had been appended an amino group at the 5'-terminus of the sequence was allowed to react with excess SucPentCo in basic buffer (Scheme 2). This compound is an N-hydroxysuccinimide ester that is expected to react in a site-specific fashion with the 5'-NH 2 group of the ODN.
INSERT SCHEME 2
The chromatogram of the reaction mixtures showed the presence of a new peak at t R = 45.8 min along with the nearly complete disappearance of the peak at t R = 28.2 min (Fig. S4) . All the species present in the reaction mixtures were identified by LC-ESI-MS which also confirmed that the species at t R = 45.8 mn was indeed dA 10 -5'NH[Co 2 (CO) 6 ] (Table S1 ). Based on peak areas, the degree of purity of dA 10 -5'NH[Co 2 (CO) 6 ] in the final product was ca. 60%. After removal of excess SucPentCo, the IR spectrum of dA 10 -5'NH[Co 2 (CO) 6 ] deposited on a nitrocellulose membrane displayed 3 bands at 2095, 2054 and 2027 cm -1 which are typical of the alkyne-[Co 2 (CO) 6 ] entity (Fig. 7) . Quantitative analysis based on the intensity of the 2054 cm -1 band gave a labeling yield of 52-55 % in good agreement with the purity measured by HPLC.
A new film of PNA t 10 was assembled at the surface of a gold-coated glass substrate by the metallocarbene strategy and a drop of dA 10 -5'NH-[Co 2 (CO) 6 ] in PBS was deposited on the surface. After incubation and copious washing, the surface was analyzed by PM-RAIRS. Fig. 7 shows the ν(C≡O) region of the IR spectrum of the surface before and after exposure to the labeled ODN. Before incubation, 2 bands at 2098 and 1932 cm -1 were observed and assigned to residual azide and aminocarbene groups, respectively. After incubation with labeled ODN, two new bands at 2052 and 2025 cm -1 characteristic of the Co 2 (CO) 6 moiety appeared. Their presence could only result from the formation of PNA-DNA duplexes at the surface of the sensor. INSERT FIG. 7 
Conclusions
To sum up, we have devised two strategies to generate a layer of PNA molecules at the surface of gold-coated glass / quartz sensors. Actual immobilization of PNA strands was assessed by PM-RAIRS and QCM, which also provided quantitative information of the surface coverage in PNA molecules. Subsequent hybridization of complementary ssDNA could be monitored in real time by QCM and appeared quite successful in terms of hybridization efficiency. Inability to optically transduce the formation of PNA-DNA heteroduplex by PM-RAIRS was overcome by labeling the complementary ssDNA with a transition metalcarbonyl reporter group that could then be conveniently detected thanks to the IR signature of these entities in the 2000 cm -1 spectral region. We now intend to set up PNA-based optical sensors to detect biologically relevant DNA sequences and study their sensitivity and specificity.
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